Introduction
The maintenance of a large electrochemical driving force for protons across the mitochondrial inner membrane is essential for the production of ATP through oxidative phosphorylation. At face value, the opening of energy dissipating ion channels in the mitochondria would be unfavorable for energy transduction, but a wealth of evidence now indicates that selective (and some non-selective) ion channels may become active under various physiological or pathophysiological conditions. This review summarizes recent investigations into the functional roles for mitochondrial ion channels and efforts to identify molecular correlates related to specific ion fluxes across the inner membrane. While it is clear that mitochondrial ion channels play important roles in cellular life and death, our understanding of their structure is limited, and seminal discoveries are eagerly awaited.
Interest in mitochondria has grown in recent years as the list of important cellular functions for this organelle has expanded from its fundamental role as a provider of energy to generator of reactive oxygen species (ROS), modulator of intracellular Ca 2+ fluxes, initiator of cell death, mediator of cell protection, and participant in the processes of aging and disease. With regard to oxidative phosphorylation, the majority of the participating proteins have been identified at the molecular level, and in many cases, high resolution crystal structures are available. Importantly, a robust model of the energy transduction process, refined over the decades since the chemiosmotic principle was proposed, is available (for review, see Nicholls and Ferguson 2002) .
In contrast, many of the important proteins involved in mediating ion transport across the mitochondrial inner membrane have not been identified, although they have been well characterized at the functional level. Extensive evidence is available demonstrating that selective electrophoretic K + (Brierley et al. 1971; Hansford and Lehninger 1972; Jung et al. 1977; Jung et al. 1984) and Ca 2+ (reviewed by Gunter and Pfeiffer 1990) uptake by mitochondria occurs and that Na + is exchanged for H + (Douglas and Cockrell 1974) and Ca 2+ (Jung et al. 1995) . Similarly, K + /H + exchange balances the K + uniport activity and modulates mitochondrial volume (Garlid 1996) , yet no proteins have been definitively associated with any of these cation transport processes. Numerous transporters of anionic metabolites across the inner membrane, usually of the antiporter type, have also been identified at the molecular level (Jezek and Jezek 2003) . However, apart from the inorganic phosphate carrier (Gerreira and Pedersen 1993) and the mitochondrial uncoupling proteins (UCP1, 2, and 3) (Rousset et al. 2004) , little is known about the molecular structure of putative inner membrane anion channels that can mediate rapid anion flux.
Since ion channels are capable of transporting millions of ions per second, and the electrochemical driving forces for ion movement across the inner membrane are enormous, the knowledge gap regarding mitochondrial ion channel structure is perhaps understandable -these proteins must necessarily be present in extremely low abundance, or have a very low open probability, in order to maintain the low permeability to ions required to exploit the protonmotive force for the generation of ATP via the mitochondrial ATP synthase. Nevertheless, although the opening of mitochondrial ion channels may be brief and highly controlled, the significance of the effects of their activation cannot be overstated. Mitochondrial ion channels are crucial to the mechanism of energy supply and demand matching and are the decisive factor in determining whether a cell lives and dies.
Emerging evidence also suggests that the mitochondrial network can act as an intracellular signaling network. For example, the activation of redox sensitive transcription factors (e.g. HIF-1 or NF-B) and signalling pathways (e.g. protein kinase C) is likely to involve the generation of reactive oxygen species by the mitochondria (Guzy et al. 2005) . Ion channels may contribute to this function in direct (serving as free radical transport pathways) or indirect (by altering the rate of respiration and the leak of electrons to ROS) ways. These novel and important functions of mitochondria underscore the need to identify and study the structure and organization of the proteins in the mitochondrial outer and inner membranes. While much progress has been made in assaying the function of mitochondrial ion channels and exchangers, the challenge ahead will be to assign structures to the various ion transport pathways and to study how increasing or decreasing their expression affects the integrated cell function.
Fast Ion Movements Across the Inner Membrane
A basic tenet of the chemiosmotic hypothesis is that, apart from the movement of protons through the mitochondrial ATP synthase and through non-specific low conductance "proton leak" pathways, the mitochondrial inner membrane must be quite impermeable to ions in order to maintain the efficiency of oxidative phosphorylation. However, the large electrical driving force for ion movement (∼180mV) would strongly favor ion flow through any open ion channels, even in the absence of a concentration gradient across the inner membrane. A classic and unquestionable example is Ca 2+ influx through the Ca 2+ uniporter. Under conditions that prevent (e.g. in the presence of nucleotides) the activation of the mitochondrial permeability transition pore (PTP), mitochondria can take up enormous amounts of Ca 2+ (up to almost 1M total Ca 2+ ) although the matrix free
